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UNITED TECHNOLOGIES RESEARCH CENTER

Report No.: R79-944590-1
East Hartford Connecticut 06108 Date: September 14, 1979
Prepared by: Florence A. Farrar
James R. Krodel

Director

Mathematical and Information Sciences
Air Force Office of Scientific Research
United States Air Force

Building 410

Bolling Air Force Base

Washington, D.C. 20332

Attention: Major Charles L. Nefzger
AFOSR/NM

Subject: Microprocessor Requirements for Implementing Modern
Control Logic, Contract F49620-79-C-0078, Technical
Progress Report No. 1 for the period March 1, 1979
through August 31, 1979.

Reference: Farrar, F. A. and R. S. Eidens: Microprocessor
Requirements for Implementing Modern Control Logic.
United Technologies Research Center Report R79-944258-2,
Final Technical Report prepared under Air Force Office
of Scientific Research Contract F49620-78-C-0017,
March 1979.

Gentlemen:

la. The objective of this research investigation is to develop

and evaluate analytical procedures for establishing microprocessor
requirements for implementing modern control logic. Key issues in
microprocessor implementation of modern control logic include (1) accuracy,
(2) computational capability, and (3) memory requirements. These require-
ments must be established for the interface as well as for the micro-
processor control code.

1b. A Phase I first-year study directed toward establishing
microprocessor requirements for control of linear systems was performed
at United Technologies Research Center (UTRC) from 1 February 1978 to

31 January 1979 under Contract F49620-78-C~0017 with the Air Force Office
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of Scientific Research (AFOSR). This Phase 1 program resulted in successful
development of analytical procedures for establishing microprocessor requirements
for multivariable feedback control of linear stochastic dynamic systems. The
developed procedures were evaluated and illustrated by application to (1) a
second-order system and (2) a linearized fifth-order F100 turbofan engine model.
These results are documented in the referenced report. Based on these results,
the subject contract was awarded to UTRC for a Phase II second-year program.

This second-year study is directed toward (1) validating Phase 1 results by
demonstrating microprocessor implementation of linear quadratic Gaussian (LQG)
logic for control of linear systems and (2) extending the analysis of micro-
processor requirements for control of nonlinear systems.

NSO —

2. During this report period the UTRC effort has been directed
toward validating Phase I results by demonstrating LQG control on an Intel
8080 microprocessor for a second-order continuous system. The second-order
system is the same system used in the Phase I study. Accuracy, computational
capability, and memory requirements of the microprocessor demonstration
system will be compared with requirements predicted using the analytical
procedures developed in the Phase I study. In addition, a paper presenting
the Phase 1 study results was submitted and accepted for publication in the
IEEE Transactions on Automatic Control and for presentation at the 18th IEEE
Conference on Decision and Control (CDC). Approval to submit the paper was
obtained from Major Charles L. Nefzger, the AFOSR contract monitor. A copy
of the cover letter and paper submitted for publication in the Transactions
is enclosed for Major Nefzger with this report.

3a. To demonstrate LQG control on an Intel 8080 microprocessor for
i the second-order continuous system (analog model), the system shown in Fig. 1
is being employed. The system consists of the analog model, an Intel 8080
microprocessor, A/D and D/A converters, and a strip chart recorder. The
continuous system dynamics (analog model) are represented by

y +4y +2y = up; y(0) =05
2=y +np

where y, Ups 25 and n_ represent the system output, input, measurement, and
measurement noise, respectively. The dot notation denotes differentiation with
respect to time. The absolute maximum values are given by

vl
|y| 10 -
|y| =40

|u|m°, =20

10

S e R M

The analog system shown in Fig. 1 is scaled so that 10 volts corresponds to the
maximum value.
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3b. For LQG control design, continuous system dynamics are
represented in state-space notation. For digital control implementation,
system dynamics are normalized so that the numbers in the control compu-
tations range between -1.0 and +1.0. Normalized continuous system
dynamics are described by . e e ke

X =Ax+Bu +¢§
y =Cx +Du (3)
Z=Ex+n

where the vectors x(nxl), u(mxl), y(pxl) and z(%x1) represent the normalized
system states, inputs, outputs, and measurements, respectively. The random
process vectors € and N represent white zero-mean Gaussian n-dimensional
process and &-dimensional measurement noise, respectively. The second-order
system matrices (A, B, C, D, and E) are shown in Table I. The companion form
is shown for ease in relating the state equations (Eq. (3)) to the system
input-output equation (Eq. (1)). (In the referenced report, the system
matrices were displayed in standard form.)

3c. Normalized discrete control dynamics implemented on the micro-
processor are given by

Wik +10=ho A (k) +Hg 2 (k+1)

u(k+l)=GDQ(k+|) (4)
where
w=T%
$o=I-T'HETAN (1+¢)
: T7Fm2at?  (T'FT)3A13
¢ - T |FTAf+( 2!) A + 3)! R SR PR (5)
Hp = T 'HAY
Gp = GT

The vector w represents estimated transformed state variables. The
matrices G and H denote the deterministic control gains and filter gains,
respectively. The gain matrices for the second-order system are shown in
Table I. The transformation matrix T is an identity matrix.




R79-944590-1

4a. The software to implement Eq. (4) on a microprocessor consists of
three mat{ix/vector multiplications (‘DQ' HyZ, and GDQ) and one vector addi-
tion ((epW) + (HyZ)). In addition, software for the LQG control system includes
a routine to save past state estimates and an interrupt service routine. The
interrupt service routine (1) performs a timing check to assure that all con-
trol computations are completed within the sample time and (2) reads in mea-
surement data and updates the system inputs.

4b. The overall block diagram of the control software described above
is shown in Fig. 2. The block diagram of the matrix/vector multiplication
code is displayed in Fig. 3. Figure 3 indicates that several minor changes
(e.g., the order in which pointers are initialized and updated) were made in
the matrix/vector multiplication block diagram presented in the referenced
report. These changes result in more efficient microprocessor implementation,
Note that the matrix/vector multiplication algorithm is not changed but rather
the way the algorithm is implemented has been slightly modified. Block dia-
grams of the vector addition code, the store state estimates, and the interrupt
service routine are shown in Fig. 4.

4c. Computation times as a function of computer cycles to execute the
blocks of code shown in Figs. 3 and 4 are displayed in Table 2. The cycle time
to execute a block of code varies with the microprocessor used. Note also that
the computation time is defined in number of cycles. Once the number of cycles
for the code on a given microprocessor has been defined conversion to seconds

for different clock frequencies is easily done (t(sec) = t(cycles/clock frequency
(hertz)).

S5a. To compute the cycles for a given microprocessor, code must be
written to execute the functions shown in the block diagrms of Figs. 3 and 4.
Control code for the Intel 8080 microprocessor is shown in Fig. 5. The code
consists of software to execute the control equations (Eq. (4)) and interface
software. A software multiplication subroutine is used. Improvements wervre
made in the preliminary matrix/vector multiplication code presented in the
referenced report. These improvements result in reduced execution time. The
code changes include (1) more efficient use of the registers in the multipli-
cation algorithm (11.5% reduction in cycle time) and (2) more efficient memory
(data array) accessing as well as more efficient use of the registers in the
matrix/vector multiplication algorithm (reduction in cycle time dependent on
system order, e.g., & 24% reduction in the matrix/vector multiplication control
algorithm is obtained for a 2 x 2 matrix times a 2 x 1 vector). In addition,
the interface software was added to the preliminary code. The code is also
completely documented. The flow chart for the code is shown in Fig. 2.
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Sh. Table 111 shows times associated with executing the blocks of code
in Figs., 3 and 4. Using the Phase I procedure to determine the computation time
for the second-order system (Tables 11 and 111) indicates that 6252 cycles are
required for one pass through the code. For a 2 MH:z clock (on-board ROM memory)
the predicted computation time is equal to 3.13 ms; for a 1.47 MHz clock (otf-
board RAM memory) the predicted computation time is 4.25 ms, For convenience
oft=board RAM memory will be emploved in this study.

0. Intel 3080 memory reguirements as a function of system state,
input and output orders are shown in Table IV, These requirements include
the LQG control logic code as well as the intertace logic code (interrvuapt
service routine), Phase 1 procedures indicat: that the total memory required
for the second-order system is 490 bytes (15 byvtes of RAM and 475 bytes ot
ROM) .

7. Phase 1 study results indicate that the Intel S080 with softwarve
multiply can be used to wmplement the LQU control law tor the second-ovder
system, The requirements tov the second-order controller using the standard
form are analvtically computed to be (1) an 8-bit word length accuracy, (2) a
minimum sample time (based on computations) of 4.25 ms and a maximum

sample time (based on controller poles) of 700 ms, and (3) 490 words ot
memory (475 words of PROM and 15 words of RAM). These requirements include
interface as well as microprocessor requirements,

8. The svstem shown in Fig. | has been constructed. The code has

been implemented on the Intel 8080 micvoprocessor.  The memory used agrees

with the analvtically predicted requirements. The actual computation time,
sampling interval has been computed using an oscilloscope. The minimum sample
tiume (based on actual code) was 4.70 ms. This actual computation time 1is
approximately 10% higher than the analvtically predicted code.  This difterence
is within the * 20% variation that 1s expected. Figure 6 compares the

actual syvstem vesponse with the Phase=1 predicted vesponse. Figure o6 shows
that, as predicted i1n the Phase 1 study, 8=bit accuracy 1is sufticient tor
implement ing the second-order controller.

9
analysis will be completed. Procedures for determining microprocessor vequire=

. In the next report period the second-order and faitth-ovder controller

ments will be extended to nonlinear svstems., In addition, vesults obtained an
the Phase 1 study will be prepared for presentation at the 18th 1EEE CDC.

— | ——.
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10. The Principal Investigator, Mrs. Florence Farrar, is starting

full-time studies for her Ph.D. at the University of Connecticut (UCONN) in

September. Dr. Robert Guile, who received his Ph.D. from UCONN in 1970, has

assumed the responsibilities of Principal Investigator effective September 20,

1979. Dr. Guile has most recently been engaged in research in the area of peak- - L
seeking adaptive systems. He has previously been involved with analysis and

design of digital electronic control systems. He has 10 years of engineering

experience, including 3 years at UTRC. Mr. James Krodel is continuing as

Co-investigator.

Very truly yours,

UNITED TECHNOLOGIES CORPORATION
Research Center

(\/Z@/\

David P. Mille
Assistant Manager,
Engineering Operations

DPM/dip
Enclosure
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TABLE 1

SECOND=ORDER MODEL DYNAMICS

Matrix Matrix Elements
A 0.0 1.0
-2.0 - .0
B 0.0
2.0
1.0 0.0
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TABLE 11

COMPUTATION TIME

% 2
Matrix/Vector n® + nt + nm
Multiplications

Function Matrix/Vector n(n-1) + n(2-1) + m(n-1)
Addition
Vector Additions n
Matrix/Vector (A » Lal) (N + nt ¢+ mn - 20 -mz + (Law - Laj)
Multiplication (2n +m) =303+ (m+ L)) (n° + nt + nm)

*[.m2(2n¢l.)o3l'm,

Time" Vector Addition (val + Vaz)n- Va2 + %0
(Cvcles) State Store (04 + D4p)n- 042 *+ D40
E
Interrupt Service TC + (AD) & + (DA)m

* See Figs. 3 and 4 for definitions of time notation (e.g., A defined on Fig. 3).




AL I

‘
é
g

e

R79-944590~-1
TABLE 111
Intel 8080 Execution Times
Figure Function Cvele Time

8 233
r‘mo 54
t\nl 103
La2 3
3 X 17
r‘.ﬂ 15
Lo 71
Las i)
L o0
val 122
Vs 5o
Tso n
“ n\” “!
D2 %
™ 128
AD 174
DA 34

AR P AR W O

|
4
£
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TABLE 1V

3 MEMORY REQUIREMENTS

Variable hemory Type Memory (BYTES)

3 Past state estimate (w(k)) RAM n
Current state estimate (w(k+l)) RAM n
Measurement (z(k+l1)) RAM L
Control (u(k+1l)) RAM m
System matrix (¢p) PROM n?
Kalman gain matrix (Hp) PROM nt
Control gain matrix (Gp) PROM mn
Temporary Storage RAM n2 + 3n2 ¢+ nm + mt

Main Control Logiq PROM 393
Computer Code
Interrupt Service PROM 74
Rout ine
RAM n + 30t +nm+ml vk
TOTAL
PROM n? + nt + mn + 467

- m—s‘.uv.'mmw,u.w Sirien
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FIG. 2

CONTROL CODE BLOCK DIAGRAM

( START )

INITIALIZE

MATRIX/VECTOR
MULTIPLY 1

MM1 = HpZ

MATRIX/VECTOR
MULTIPLY 2

MM2 = éo‘f’

VECTOR
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STATE STORE
OK) = &K + 1)

MATRIX/VECTOR
MULTIPLY 3

MM3 = GDU

INTERRUPT
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(2) READ IN MEASUREMENT
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BLOCK DIAGRAM FOR MATRIX/VECTOR MULTIPLICATION

PNt Ma vt
LN VI
(1) INITIAL R
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HG

BLOCK DIAGRAM FOR VECTOR ADDITION, STATE STORE AND INTERRUPT SERVICE

VECTOR ADDITION C @) = A « B

UPDATE
POINTERS

4

INITIALIZE INITIALLY
POINTE RS STATE STORE @) = @k ¢ 1) POINTE RS
= A+ B é‘y\\,o“.\,.‘
4
UPDATL
POINTE RS
ROWS ROWS
DONE N DONL °

¢ =q"

Vao = TIME TO EXECUTE BLOCK Ugo = TIME TO EXECUTE BLOCK 8
Vit = TIME TO EXECUTE BLOCK 2. 3 Ugy = TIME TO EXECUTE BLOCK 2 3
\/a; = TIME TQ EXECUTE BLOCK 4 U\", = TIME TOEXECUTE BLOOCK 4
INTERRUPT
SERVICH
1
INTERIRUPT
NO OCCUR BEFORL YR
CONTROL CONt
COMPLETED
READ s _
. . I IRIROR SAMILING
oo ol TIME TOU SMAGL
ADY
Kl
UPDATE
INPUTS O = TN IO ENECUTE BLOOK
i AD = TIME TO ENECUTE BUOOR
A = TIME TOENECUTE BUOUK &
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INTEL 8080 SOFTWARE FOR LQG CONTROLLER

8080 NACRO ASSENBLER, VER 2.0 ERRORS -~ 0 PAGE 1

0001

KALRAN FILTER/CONTROLLER
PROJECT: RICROPROCESSOR IRPLERENTATION OF RODERN C
PROGRARR: J. KRODEL, DIGITAL CORPUTER LAD
DATE : 17-AUG-T9
VERSION: ©0.00
REVISION: 00.00
FUNCTIONAL DESCRIPYIONM!
THIS PROGRAR CONTROLS A 2ND

ORDER SYSTEMR, USING MODERN CONTROL
RETNODS. TNE DASIC EQUATIONS FOLLOW

U] = PHNIDSYU ¢+ NDS2
Ket K K

K Ke)

2 e SYSTER REASURERENT VECTOR

ND * KALRAN FILTER GAIN RATRIX

v e PAST STATE ESTIMATE VECTOR

PHID = CLOSED LOOP SYSTER RATRIX

U“‘ e NEXT STATE ESTIMATE VECTOR

(1] * CLOSED LOOP FEEDBACK GAIN RATRIX
U(" * SYSTER INPUT VECTOR

FOR THE SECOND ORDER SYSTEM:

2 e iX1 VECTOR
HD = X1 MATRIX
W * @X1 VECTOR
PNID = 28X2 RATRIX
QD o IX2 MATRIX
v e IX1 VECTOR

REVISION NISTORY!)

SYSTER EOUATES!

S WS 5 TS W TS TH TS TS T W TS WS TS WP TS W Y TS W TS V> W W U G5 TS W U e o S5 %o TS W U e WP W 0 W W > W U5 W W W W W W W W W U T W W W S W W W

8 OF ELERENTS IN VECTOR

8 ROUS IN RATRIX

DATA RATRIX STARY aDDR 01
PARTIAL RATRIX WAPY START ADD
BATRIX APV RESULY START aADDR

1 v 1
1 v 2
DAAL  EQU  SO00NM
PARAL EQU  S10ON
MARAL EQU  S200M

28

FIG 5

70081462
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FIG 5 (CONTINUED)

INTEL 8080 SOFTWARE FOR LQG CONTROLLER
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)
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R$) v 1
DRA3  EQU  SEeeM
PARAY EQU  S700M
ARRAD EQU  SBoeN
)

L]

)

UOUT EQU  S800N
STRIPC EQU SO0
'

s

ORG  JCIDNM

Jne INTR
)

]

ORGC 4000
’

3 INITIALZATION

1)1

Lxl SP, 4000N

PROGRAN START:

MULTIPLY MATRIX MND (KALMAN FILTER GAIN MATRIN) WITH
VECTOR 2 (SYSTEM MEASUREMENT VECTOR).

HD IS 2 ROUS X 1 COL
Z 181 ROV X 1 COL

TRYTL¢
vl
Lx:
Lxt

éoun ]

koun1 1

11

A,VUS1
D.PARAL
N, BRAL

B.NS3
C.A
N

b 4 ]
2;.3
-4

®XIOO>

ROUN]
PSSy

L)
COLNY
B,AS1

D, ARAL
N, PARAL

C,vs1
A

T

- e e

- -

W W W W T W T T S5 TS O T GO TS W e W W W

8 OF ELEMENTS IN VECTOR

8 ROUS IN RATRIX

DATA RATRIX SYART ADDR 82
PARTIAL RATRIX RPY START ADD
RATRIX RPY RESULT START ADDR

8 OF ELERENTS IN VECTOR

8 ROUS IN RATRIX

DATA RATRIX START ADDR §3
PARTIAL RATRIX RPY START ADD
RATRIX RPY RESULT START ADDR

OUTPUT VAR LOCATION
STRIP CHART VAR LOCATION

SET UP INTERRUPT SERV ROUT.

DISABLE INTERRUPTS

'
SET UP STACK POINTER

ESTABLISHN VECTOR SI2E
PARTIAL RATRIX APY STARY ADD
DATA RATRIX STARY ADDR

STARY NEXT COLURN RPY, SAVE
ESTABLISH MATRIX ROV SI2E
GET OPERAND 81

POINT TO OPERAND 82

APV TNE !LSK:YS IN EACH ROV

PREPARE TO STORE
SAVE PARTIAL RATRIX NPV

POINT TO NEXT OPERAND
RESTORE VECTOR COUNT (B)
RESTORE OPERAND 81 (C)
'e.gwm ALL DONE ¢

YES, RESTORE VECT S12€
:%L MULTIPLIES COMPLETE °

YES, SUR PARTIALS TO COMPLET
REESTABLISH RATRIX ROV SIZE
RATRIX WPY RESULY START ADDR \
PARTIAL RAT APY START ADDR N

REINITIALIZE VECTOR $12E€
CLEAR REGC A

79-08-146-3
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INTEL 8080 SOFTWARE FOR LQG CONTROLLER

OBTAIN POINTER OFFSET IN DOE
CLEAR UPPER PORTION OF DAE
SET OFFSET, RATRIX ROV $12¢

A= Q¢
ML © ML ¢ DE (DE - OFFSET)
ALL TERRS SURRED ?

NO

YES., RESTORE RESULT ADDR
STORE RESULT

x;lll RPY CORPLETE *?

NO, POINT TO MEXT RESULY ADD
ADJUST TERA POINTER TO LASY
GEY DASE ADDR

GET RATRIX ROV SI12€

GET OFFSEY
CLEAR UPPER PORTION OF DE
NL = PRRA ¢ VS - REC D

MATRIX PHID (CLOSED LOOP SYSTER RATRIX) VI

¥ (PAST STATE VECTOR).

ESTABLISH VECTOR SI1ZE
PARTIAL MATRIX MPY START aADD
DATA RATRIX START ADDR

START NEXT COLUMAN RPY, SAVE
ESTABLISH RMATRIX ROV S$12€
QEY OPERAND 81

POINY TO OPERAND 82

APY THE ELERENTS IN EACH ROV
SAVE B,C,H 0 L

GET OPERAND 82

8 BIV SIGNED

PREPARE TO STORE

SAVE PARTIAL RATRIX APV
ADJUST SAVE POINTER
RESTORE W 0 L

POINTY TO NEXT OPERAND
RESTORE VECTOR COUNT (B)
RESTORE OPERAND 81 (C)
COLUMN ALL DONE *

NO
VES, RESTORE VECY SI1ZE
ALL MULTIPLIES COMPLETE ?

NO

VES., SUR PARTIALS YO COMPLEY
REESTABLISH MATRIX ROV SI2E
RATRIX RPY RESULY STARY ADDR
PARTIAL RAT RPY START ADDR

REINITIALIZE VECTOR S12E
CLEAR REG A

ODTAIN POINTER OFFSEY IN DAE
CLEAR UPPER PORTION OF DAE
SEY OFFSET, RATRIX ROV SIZE

Ao A e+ Nl
ML « ML ¢ DE (DE

(CONTINUED)
PUSH D ]
()] D,0 ]
[ [} [ 1) '

‘w:.
DD N ]
DAD O ]
bcm c 3
JIN2 SURD1L 3
POP ] 3
sTax O ’
DCR ] ’
J2 DONEL ]
Inx 0 ]
PUSH D ]
Lxl N, PARAL 3
w1 a,NR61 s
SUd [ ]
nov  E.A ]
W D,0 ’
DAD D 3
POP ]
JRP  SURAL

‘Nll

]

]

3 MULTIPLY

] VECTOR

3 PNID IS @ ROUS X & COLS

] V IS 8@ ROUS X 1 COL

]
(L") A,VSs2 ’
Lxl D.PRRAR '
Lxl N, DRA2 )

f.ouca-
PUSH PSV s
(L") p.NS2 3
noV (% 3
INx (] Il

‘m:
PUSH D 3
PUSH W ]
ROV N, N s
CALL MULY 3
ROV AN 3
STAxX D 3
INX D 3
POP N 3
INX H 3
PoP 8 ]

]
DcR B ’
JNZ  ROUNZ 3
POP PSV 3
DCR [ ) '
JNZ  cOoLm2 3
]

(L) B.MNS2 ’
Lxl D, RRA2 3
Lxl N, 3

‘WM
NUI CJ“. ]
XRA L) ]
PUSH D s
w1l D,0 ]
[1)] €.AS2 ]

;Wlll
ADD (] ]
bAD O ]
bR ¢ ]

.
ALL TERRS SURRED *?
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R79-944590-1 FIG 5 (CONTINUED)
INTEL 8080 SOFTWARE FOR LQG CONTROLLER
(CONTINUED)

2261 4087 Caseee JNZ2  sumse s
227 <084 DA POP D ’ vts. RESTORE RESULT ADDR
228 <080 12 sTax O s STORE RESULT
229t 408C of% cR B s RATRIX RPY CORPLETE ?
230! 408D Cand e J2 borng2 ) VES
231 e090 1) fax D 3 NO, POINT TO MEXT RESULT ADD
232: 091 NS PUSH D s ADJUST TERR POINTER YO LASY
233 4092 21008¢ LXI *.PARAR ; GET DASE ADDR
2341 4098 Xe2 Wl A,RS2 3 GET MATRIX ROV S$12E
2381 4097 ¢ L 1] ] ]
236: 4098 §F nov  E€.4 3 GET OFFSEY
237 4099 1600 Wl D0 3 CLEAR UPPER PORTION OF DE
238 4090 19 DAD ] s NL « PRRA ¢ VS - REG B
239 409C [ 11 POP ]
240! 4090 CICe0 Jne SURA2
241 s
a‘.l ]
:uu s DO VECTOR ADDS YO CONPUTE U(Ke1) I.E.
49 3
2481 3 V(Ke1)) o PHIDSU(K)IL ¢ NDSZ2(K)1
246 3 . . .
a4 s . . .
244 ’ . . .
249 3 UIKe1)IN o PHIDSUIK)IN ¢ MDB2(K)IN
11
252 40n0 ‘ouan
28531 400 210086 LXI N, DRA) 3 GET WU(Ke1) STORAGE AREA ADDR
254  40n) €% PUSH W 3 TERP SavE
255t 40Ae 210082 LXI W, ARRAL  ; OBDTAIN NDSZ RESULT START A
256  40A?  11008% LXI D,ARRA2 ; OBTAIN PNIDSU RESULT START A
2571 40aA  0g02 I D,us8) 3 OBTAIN 8 OF TERMS TO ADD
2581 40aC o0l Vvl C,N8) 3 OBTAIN OFFSEY TO STORE SUMS
269 4DAE oC R c
2601
2611  40AF ADDNXT
262  40AF  AF XRa A 3 CLEAR A REC
263 4000 86 aDd N 3 GEY GOsZ TERRM
264t 400t €3 XCHG
26S: 4002 8¢ ADD s ADD PHIDSY TERW
266: 4083 7 $TC 3 SEY CARRY - @
267T  400e ¥ CAC
268: 4008 17 RAL 3 ADJUSY FOR t.o SCALING
2691 4006 DaC4ee0 JC NEG 3 NEC OR POS
270t 4039 7 oRA A s SEY cmmoa CODE
2711 0BA  FROF AR JP NOFLO 3 POSITIVE, ANY OVERFLOV *
:;gl 400D FeF OoR} hed,] ) YES, FORCE 7O LARGESY ¢
! 3
274t a00F NOFLO®
278t 400F g6 AN] PN s FORCE 70 POSITIVE ¢
276 40C1  CXCE0 JRP  S$CaLl
amn 3
278 40C4 NEG!
:::: 40C4  FG80 ORI QoM s FORCE TO NEGATIVE ¢
]
281 e0C6 ‘couo
282: e0C6 €3 XTHL s GET STORAGE ADDRESS
28 eC? nOV  N,A s STORE SUR
2841 e0C8 oS e o 3 CMECK IF ALL TERAWS ADDED
2881 40C9 CaDSeO J2 DOME 4
286 40CC » [, ] At 3 ADJUST STORAGE ADDRESS
287 40CD 81 ADD ¢
288 40CE &F "oV L.A
289 @OCF €3 XTHL 3 RESTORE POINTERS
290 4000 ©0 XCHG
891 o001 2 1 s POINT TO MEXY GDSZ TERA
292" 002 1) i s POINT TO MEXT PHIDSY TERN
gzn 003 CIFe JRP  ADDNXT 3 ADD MEXT TERMS
' ’
295 ) ;
‘l::l 3 UPDATE W(K) UITH NEULY CALCULATED W(Kel) e
L '} A
298 i
2991 4608 ‘O‘Ql
380 4008 &1 POP L] s RESTORE STACK
. 79-08-146-6




R79-944590-1 FIG 5 (CONTINUED)
INTEL 8080 SOFTWARE FOR LQG CONTROLLER
(CONTINUED)
3011 40D? 2602 Ul L,V8d 3 GET 8 OF TERRS TO STORE
302: 40D9 €S PUSH M ) TERP SAVE
3031 40DA 210056 LXI  N,DRAJ 3 GET U(Kel) STOREAGE AREA ADD
304t  40DD eE01 Ml C.A8) 3 GEY OFFSET OF W(Kel)
30S:  40DF oC i C
306!  40E0 110083 LxI D.DMA2 3 GET U(K) STORAGE AREA ADDR
307: 403 0602 w1 B.RS2 s GEY OFFSET OF W(K)
308: 40ES 04 i B
309! I
310t 406 STRNXT:
31t 406 7€ noV AR 3 GEY W(Ke3)
3121 «0€7? 12 $TaX D 3 STORE INTO OLD W(K)
313+ 4068 €3 XTHL 3 GET 8 OF TERRS REMRAINING TO
314 40€9 DeR L 3 ANY LEFT ?
3 315t 40EA  CAFT740 J2 DONES s NO
316t  40ED €3 XTHL s YES, RESTORE POINTER
3171 40€E 7D oV AL 3 ADJUST FOR MEXT U(Ke3)
3181 46EF 81 aDD ¢
319:  4oF0 6F AoV L.A
320t «FL nOV A€ 3 ADJUST FOR MNEXT W(K)
3211 «0F2 80 ap b
3221 40F)  SF nov  E,.A
3231 40F4  CIEGe0 JAP  STRNXT
324 '
s 3
36! 3 RULTIPLY MATRIX GD (CLOSED LOOP FEEDBACK MATRIX) Wl
2N ) VECTOR W (NEXT STATE VECTOR).
3281 3 GD IS 1 ROV X 2 COLS
3291 3 VU 1S 2 ROUS X 1 COL
330¢ 3
3311 40F? DONES
332 <F? €1 POP M 3 RESTORE STACK
333t «0F8  3¢e2 W1 A,US3 3 ESTADLISH VECTOR SI12€E
334t 4OFA 110057 LXI D.,PARA3 ; PARTIAL RATRIX APY START ADD
‘.;gza 4OFD 210088 LXI  N,DRAJ 3 DATA MATRIX START ADDR
' 3
3371 4100 COLNIs
338t 4100 FS PUSH PSY 3 START NEXT COLURN MPY, SAUE
3391 <101 0601 W1 B.AS) 3 ESTABLISH RATRIX ROM SIZE
3403 €103 <€ nov ¢, 3 GET OPERAND 81
341t <104 23 INE N 3 POINT TO OPERAND 82 4
342 ;
343t 4108 ‘oum ;
344 4108 CS PUSH B 3 WPV THE n:a:m IN EACH ROV H
345t 4106 €S PUSHN W 3 SAVE B,C,H A L Y
346t 4107 66 nOV  N,A 3 GET OPERAND 82 ¢
3471 4108  CD4F4) CALL MULY 3 8 BIT SIGNED §
348! <100 ¢ ROV AN 3 PREPARE TO STORE 3
349:  «10C 12 STAX D 3 SAVE PARTIAL RATRIX RPY &
356: @100 13 INX D 3 ADJUST SAVE POINTER
351t «10€ €3 POP N 3 RESTORE M & L
32T G 23 INK W s POINT TO NEXT OPERAND
383t 4110 Ct POP B 3 RESTORE VECTOR COUNT (B)
3541 s RESTORE OPERAND 81 (C)
385 4111 oS DCR B 3 COLUMN ALL DONE ?
: 356t 112 Cc2054) JNZ  ROUNI 3 NO
3871 118 F1 POP  PSV 3 VES, RESTORE VECT SI2E
388t 4116 3D oeR 3 ALL MULTIPLIES COMPLETE ?
389: 4117  CRe0q) JNZ  COLND 3 NO
e: 3 VES, SUM PARTIALS TO COMPLET
3611 411a 0601 i B.ASI 3 REESTADLISN MATRIX ROV SIZE
362' 411C 110058 LXI D.ARRA3 ; RATRIX APY RESULT START ADDR
z:: A“UiF 210087 LXI  N,PARA3  ; PARTIAL RAT APY START ADDR
S 4«22 Suma3s
366t 4122 ecoR Wl C,u8) ) nnmnauzt VECTOR S12€
367 4124 WF XRA A 3 CLEAR REC
368: 4125 oS PUSH D s OBTAIN poun:n OFFSET 1IN DAE
29t 4126 1600 Wi 0,0 3 CLEAR UPPER PORTION OF DSE
;g: 4128 1601 I E.ASI 3 SET OFFSET, MATRIX ROW SI3E
3727 4124 Sumpa
N 4184 [ 1] ADD (] 3 A e A NL
3740 4120 19 Dad O s ML = NL © DE (DE = OFFSET)
378 e12¢ O R 3 ALL TERNS SURRED 7
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427N

441

444!
448
446
44
448!
449!
450

4120
41
“un
1R
4133

137
4138
4130
4130

L1k 4
4141
4142
414

4146
4146
44147
4148
4149

4149
414C

414F
4150

418§

D494t
CI0440

FIG 5 (CONTINUED)

INTEL 8080 SOFTWARE FOR LQG CONTROLLER

NO

VES, RESTORE RESULT ADDR
STORE RESULY

RATRIX RPY CORPLETE ?

vEs

N0, POINT TO MEXT RESULY ADD
ADJUST TERR POINTER TO LAST
GEY BASE ADDR

QET RATRIX $12€

QEY OFFSEY

CLEAR UPPER PORTION OF DE
NL = PRRA ¢ VS - REG D

SET CARRY - @
CHECK FOR INTERRUPT CORPLETI
NEEDED FOR 1ST PASS ONLY

UAIT FOR INTERRUPT
INTERRUPT SERVICED
CALCULATE NEXT OUTPUTY

8 DIV SIGNED MULTIPLY

8 BIT SIGNED
8 DIV SIGNED

16 DIV SIGNED

CHECK SIGN OF MULTIPLIER (M)
N IS POSITIVE

MULTIPLIER (M) 1S NEGATIVE
TAKE 2°S CORPLIRENY

CHECK SIGN OF RULTIPLICAND
INPUTS NAVE OPPOSITE SIGNS

3 MULTIPLICAND (C) IS
TAKE 2°S CORPLIRENTY

SARE SIGN, MULTIPLY AND RETU

C NAVE OPPOSITE SIGNS
TAKE 2°'S CORPLIRENT OF PRODU

2'S CORP OF L

2’S CORP OF N
RETURN VITH FINAL RESULT IN

N (RULTIPLIER) 1S POSITIVE
CNECK SI1GN OF MULTIPLICAND

MULTIPLICAND (C) IS NEGATIVE
TAKE 2°S CORPLINENT

50O OPPOSITE SIGN MULTYIPLY

(CONTINUED)
JNZ  SURB) ’
POP D ’
$Tax O ’
cR B 3
Jz DONE D »
i O ’
PUSH D ’
LXI  H,PRARA3 ’
(2] ARS8 3
sSUp D
ROV €. 3
[V} '0 ]
DadD O s
POP D
JRP  SURAD
‘0!!)0
$TC ’
CRC 3
[ § ] 3
3
UALTLP:
JNC  UAITLP :
JAP  STRTY ’
3
]
3 SUBROUTINE ‘MULY’ ---
]
3 ML = NSC
)
3 INPUTS: C - MULTIPLICAND
3 N - MULTIPLIER
?
3 OUTPUTS: MAL - PRODUCT
]
s DESTROVS: A,B,C.N,L
‘ULY:
"V AN s
ORA A
JP RULNP 3
CRA 3
INR A s
ROV N,A 3
MOV A,C 3
ORA A
Jr MLOS 3
CRA
IR A s
ROV C.A s
3
MULSS!:
CALL ImuL ’
RET
3
MULOS
CALL ImuL s N A
X W™ 3
MOV AL
CRA
nOV L,A ’
MOV AN
CRA
m "o. '}
REY ’
iumap:
ROV A, C ’
ORA A '
Je MULSS
CRA ’
IM A ’
ROV C,.A
JAP MLOS 3

~ 1467




R78-944590-1 FIG 5 (CONTINUELD)

INTEL 8080 SOFTWARE FOR LQG CONTROLLER
(CONTINUED)
4511 ]
‘:g' ) SUBROUTINE ‘IMUL’ ~--- 8 BIT UNSIGNED FRACTIONAL
S ]
s 3 INPUTS: C - MULTIPLICAND 8 BIT UNSIGNED
::s- s N - RULTIPLIER 8 BIT UNSIGNED
([ » :
0::- 3 OUTPUTS! NL - PRODUCT 16 DIT UNSIGNED 3
L} ] '
4591 » DESTROVS: A,B.N,L 2
Y ,,
61 @ iﬂll.l
462 4179 0600 w1 9,0 3 CLEAR FOR FOLLOVING ‘DAD’ IN
3 a7 68 mov .0 3 CLEAR BOTTOR MALF OF WL H
2;- @ Nes W a8 3 INITIALIZE LOOP COUNTER !
' ¢
w6t a7 tnuLse <
@ QN 29 DAD W 3 SHIFT RESULY
468!  417F D284 JNC  IMUL2 3 IF RSB SET, ADD MULTIPLICAND 8
%9 e182 o9 DAD 3 NL = NL ¢ BC i
70! %
471 418 ‘Nua g
72y 183 D DCR A s DECREMENT & TEST LOOP COUNTE !
4731 4184 Cava JNZ  ImULY $
a724: a8 a9 DAD N s ADJUST FOR FRACTIONAL MPY ¢
7St a188 C9 RET s
476 Il i
a7 ) 3
:;':: 3 INTERRUPT SERVICE ROUTINE 4
1
:::: 3 FUNCTIONAL DESCRIPTION:
ag2: ] THMIS ROUTINE IS ENTERED UMEN TME CLOCK (DELTA T)
an s GOES OFF. DELTA T 1S A SQUARE WAVE CLOCK INPUY
g 3 FROM A FUNCTION GENERATOR. MENCE IT 1§ PRESETTABL
Y ) 1T PROVIDES!
486 )
87 s A) A DELTA T TIRE STEP
1 4::: ) B) A REANS OF INDICATING END OF CONVERSION FOR
489! ) §
4901 3 A2D MAX CONVERSION TIRE IS .05 MS. MENCE DELTA T £
o1 3 BE SET NIGNER
492! )
4931 3 THE ROUTINE READS IN A 12 BIT A2D INPUT 2(K),UNICH
oa 3 TRUNCATES THE LEAST SIGNIFICANT 4 BITS SINCE ONLVS
4951 s BITS ARE NEEDED.
496! 3 ¥
i N 3 THE ROUTINE ALSO OUTPUTS U(K) TO THE ANALOG SYSTEM §
! 498! 5 REANS OF A D2A. TNE D2A IS 8 DIT MEMORY RAP 10. 3
| 4991 3 & OUTPUTS ARE PROVIDED: 1 TO THE SVYSTEM $
gu- ’ 1 TO A STRIP CHNART RECORE t
o1 ’ .
se2: 3 1IN ADDITION, A CNECK 1S DONE TO SEE IF TNE §
S03t 3 INTERRUPT OCCURRED DURING CONTROL CODE '
Se4: 3 CALCULATIONS, UNICH COULD RESULY IN $
i 5051 3 INACCURATE CONTROL COMRANDS. IF TNIS !
| Se6: 3 ERROR OCCURS, TMEN PGR CONTROL 1§ £
5071 3 PASSED TO THNE MONITOR. }
S08: §
S09: 4189 inres
S10' 4189 F) o1 ; DISABLE INTERRUPTS t
Si1:t 418 S PUSH PSY 3 SAVE « :
::g- 48 €S PUSHN N ) SAVE WL {
s ’ 3
:n;- s CNECK 1F CONTROL CODE COMPLETED s
1S ]
$16: 418C 33 : N sP 3 CHECK IF CONTROL CODE COMPLE }
$17: 4180 33 N SP 3 FIND RET ADDR FROM INTERRUPT }
s18: 418€ 33 w sP :
s191  48F I) NX P |
20T 4190  R1494) LX]  N,UAITLP ; GET VAIT LOOP N1 ADDR
s211 4193 ¢ "OV AN }
s22: 4194 €I XTHL 3 GET INTERR RET M1 ADDR
S231 4198 94 SUB W 3 ARE THEY EoQual ? ¢
S241 4196 Capadi JNZ  ERmi s NO, INDICATE ERR, STOP PGR
s2S1 41909 7 nOV  A,L 3 GEY INTERR RET LO ADDR !
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Saeé:
sa™
sas:

S$IN
$is

FIG 5 (CONTINUED)

INTEL 8080 SOFTWARE FOR LQG CONTROLLER

(CONTINUED)

ada ) XTHL 3 GEY VALY LOOP LO ADBR
@4 9% Sud L 3 ARE THEY EQUAL °
419C CaDaq JNZ ERR) 3 MO, INDICATE ERR, STOP PGA
AU 30 bCx P 3 YES, CONTROL CODE WAS CORPLE
ane N bCx  sP ) RESTORE STACK PNTR TO NORMAL
41A1 3» oCx  sP
aaa2 B KCx sP

)

) READ A/D

)
4183 82 Lo A,82M 3 SET A/D READ CHAMNNEL
4148 DXE? oUT EM 3 ARPLIFIER InPUTY
4147 DBES N oESH 3 READ LOV BVTE
4149 OF RRC 3 ADJUST FOR 4 DIT THROVAVAY
4100 8 RRC
4140 OF RRC
418C OF RRC
41AD  E6OF ANL OFN ) PRESERVE LOV NIBBLE
A1AF 6F ROV L.A 3 YERP SAavE
4100 DBE< N 3 READ NIGN BVTE
ade o RRC 3 ADJUST FOR MIGM NIBBLE
483 o RRC
aUde O RRC
AaUds o RRC
4106 E6FO0 anl OF o 3 PRESERVE NIGH NIDBLE
4108 S oRa L 3 RERGE TO FORR 8 BITY InPUY
41090 210080 Lxl N, DRAL 3 STORE INPUT IN RATRIX DaATa &
“ue N ROV .

OUTPUT D/A (V)
RERORY RAPPED 1/0

™ W -

@30 210088 LXI  W,UOUT  , OUTPUT U
ace 7% ROV AR
aC1  2100F? LXI N, OF700M
ace ROV ALA
«1CS 210083 LXI  W.STRIPC ; OUTPUT REMORY LOC TO STRIP C
acs 7% OV AN
ace  201F? LXI W, OF701N
ace 7 wV  M.A
«acd €1 PP W
QaceE  F1 PP PV
Qack N sTe 3 INDICATE INTERRUPT COMPLETE
ape Fp €1
o1 Co RET ; ENABLE INTERRUPTS & RETURN
H
3 CONTROL CODE MOT COMPLETED, ERROR
4102 ‘..l'
b2 cf S ; BRANCN TO RONITOR IRREDIATLY
1
3 DATA RATRIX STORAGE AREA
H
) THE FOLLOUING DATA IS FOR TME 2ND ORDER SVSTEW
} ALL 8°S ARE REPRESENTED AS FRACTICHS UNERE !
} +8 o FRAC.812840.8
§ -8 5 2'S COMP OF (-FRAC.3128+0.5)
: SSSSS838SEEESSESSESESE0EREEEREEER2280S22RESD
] 8 ]
) 8 NOTE:! GAINS BELOV MRE FOR T - 0.1 SEC 3
I
3 SSS288288853838088883038388808388888838288882
J 2 - INPUT VECTOR FROM AZD
3} ND - MATRIX
s
J WD o .113 o .087 UNEW SCALED ON 2.0
] -. 038 e -,018
]
s000 oRG  SooeN
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6011
6021
603!
604
605!
606!
[ { ¥4}
608!
609!
610
611
6128
613
6141
618
616!
61N
618:
619!

624
[ T3]
626
627
628
6291
(X[ 1
81

eI
(X1
€3S
636!
M
638
639
640!
a1
(1T 1]
64
644!
64S:
646!
6
(1] 1]
649!
€S0
6S11
€S2
(11
€Sas
(111

(134
658!
(13 1)

$600
$601
$602
£683

FIG § (CONCLUDED)

INTEL 8080 SOFTWARE FOR LQG CONTROLLER

38
Fo
40
oS

(CONCLUDED)

3 NOTE: MD(1) & ND(R) MAVE BEEN COMPLIRENTED
] DUE TO INVERTED INPUT.

(1] o™ 3 T(K) VECTOR A-/D INPUT 81
[ 1 OF ON 3 HD RATRIX ROMI COL1
[ ] ] 9N 3 MD RATRIX ROMR COL13

V(K) - PAST STATE VECTOR
PHID - CLOSED LOOP SYSTER RATRIX

PNID « .B8726¢ .07127 -+ .43632 .0356)
-. 26584 .63205 - -.13262 .31602
UMNEN SCALED ON 2.0

- e e e e e

ORG  SJeem

bB 40N 3 W(K) PAST STATE 81 INIT .
-1 ] I 3 PNID RATRIX ROWL COL1

[ oFoN 3 PNID RATRIX ROM2 COL1

Db 40N 3 V(K) PASY STATE 82 INIY
[ 1] L) 3 PNID RATRIX ROMI COL2

[ 1] asN ) PHID RATRIX ROM2 COL2

ViKel) - PRESENT STATE VECTOR
(-1} - CONTROL GAIN RATRIX

GD » -1.742 -.41412 -~ -.871 -.20706
WNEN SCALED ON 2.0

e e s w

ORG  S600N

b8 [ 3 V(Ke1) PRESENT STATE o)

BB | ol 3 GD MATRIX ROVWLI COL1

-1 o 3 VK1) PRESENY STATE 82

] [ (] » GD RATRIX ROMLI COL2
]
]

(]

SYABOL TABLE

ADDNX  40AF 0000 c 0001
COLNR 40§A COLNI 4100 ® 0062

$300 5660 DONEL <052
DONED 4146 DONE4 4006 DONES «0F ?
ERRY 4102 N 8884 L 4?9
1AuL2 418) INTR <189 L 0005
ARAL  S200 ARRAZ  SS00 ARRAI SB800
RS2 4662 RSl 0001 RULNP  4q16E
MULSS 41SF MULT  Q1¢F NEC 40Ce
PARAL 5100 PRRAZ2 S400 PRRAY ST00
ROUNL 4011 ROUN2  40SF ROUND «ql0S
P 0906 STRIP S300 STRNX 40E6
sumat  402€ SURAZ  407C SURAY 4222
SURBE 4084 SURB) J12A UouY  $800

ved [ 2] UALITL Q1499
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FIG. 6

SECOND-ORDER OUTPUT RESPONSE AS A FUNCTION OF WORD LENGTH
RESPONSE TO INITIAL CONDITION: Xq = (0.5, 0.5)

STANDARD STRUCTURE WITHIN CONTROLLER
At = 0.1 SEC, WORD LENGTH = 8 BITS

=== e= REAL TIME ANALOG SYSTEM/DIGITAL MICROPROCESSOR CONTROL
— e == SIMULATED ANALOG SYSTEM/SIMULATED DIGITAL CONTROL

0.6

0.2

0.0

\
\
\
T \
\
\
\\
\\
%
-
3
\
\
AN
\‘\\ st
—_——
ik o ]
0 2 6 8 10

TIME-SEC
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